The carbothermic reduction of a titanium-cobalt-oxygen-based oxide powder was analyzed to understand the carbothermal reduction step of the spray thermal conversion process for the synthesis of titanium carbide/cobalt composite powder. The starting powder was prepared by the combination of the spray drying and desalting methods using titanium dioxide powder and cobalt nitrate. The synthesized oxide powders were mixed with carbon black, and then these mixtures were heat treated under a flowing argon atmosphere. The changes in the phase structure and thermal gravity of the mixtures during heat treatment were analyzed using XRD and TG-DTA. The synthesized oxide powders have a mixed phase structure of anatase-TiO 2 and CoTiO 3 phases without regard to the cobalt content. These composite oxide powders were carbothermally reduced to the titanium carbide/cobalt composite powder through four steps with increasing temperature; reduction of CoTiO 3 , reduction of anatase-TiO 2 , formation of titanium oxycarbide and formation of TiC from titanium oxycarbide. The titanium carbide formability increased with the increasing relative amount of the complex oxide, CoTiO 3 , in the titanium-cobalt-oxygen-based oxide powder.
Introduction
The tool materials manufactured by the powder metallurgy process consist of a composite microstructure of hard particles dispersed in a soft binder matrix. Generally, WC, TiC, TaC, NbC and Ti(C, N) particles have been used as the dispersion material, and Co and Ni as the matrix.
1) The mechanical properties of the tool materials depend not only on the chemical composition, but also on their microstructure.
2) The hardness, fracture toughness and wear properties of the tool materials are significantly influenced by the size of the hard particles and the distance of the mean free path among the hard particles. These mechanical properties simultaneously increased with the decreasing particle size and the distance of the mean free path. To manufacture a high performance tool material with an ultrafine microstructure, raw powder materials with an ultrafine particle size should be used. Several methods have been proposed for the synthesis of ultrafine particles. [3] [4] [5] [6] In the case of WC, it was possible to synthesize the WC/Co composite powder with an average particle size of under 100 nm by a mechano-chemical process. 6) For the other carbides, however, no commercial process has been established for the synthesis of such ultrafine particles.
Titanium carbide (TiC) has been used as a dispersion particle in the WC-TiC-Co tool materials to increase the high temperature hardness and to prevent a reaction with the steel alloy during machining, and is also extensively used in the cermet tool materials of TiC and Ti(C, N) systems. [7] [8] [9] A number of processes exist for synthesizing titanium carbide, such as the carbothermal reduction of titanium dioxide, 10) direct carbarization of titanium, 11) chemical reaction of titanium chloride (TiCl 4 ), 12) self-propagating high temperature synthesis, 13) etc. Generally, these processes require a temperature range of 1700-2100 K for the commercial production of the titanium carbide powder. Therefore, it is difficult to produce fine particles using these processes due to the agglomeration of each particle at the high synthesis temperature. Recently, a new spray thermal conversion process was proposed for the synthesis of ultrafine titanium carbide powders. 14) This process is composed of three steps; the synthesis of the precursor powder by spray drying of an aqueous slurry of the mixture of titanium dioxide powder and a cobalt salt, desalting treatment of the precursor powder, and carbothermic reduction of the desalted powder. This process has the characteristic of using cobalt as an agglomeration inhibitor of the titanium carbide particles. The final product has a more homogeneous mixing state of the titanium carbide and cobalt than that in the conventionally mixed powder, therefore, this can be used as the raw powder for high performance tool materials. The characteristics of the TiC/ Co composite powder synthesized by the spray thermal conversion process will depend on process parameters; i.e., spray drying condition, desalting temperature, carbothermic reduction temperature/time, cobalt content, etc. The process parameters of the carbothermic reduction were very important for the control of the properties of the carbide particles synthesized by the carbothermal reduction process. To obtain a homogeneous ultrafine TiC/Co composite powder, the spray thermal conversion process should be precisely controlled based on understanding the carbothermic reduction step. The chemical mechanism of the carbothermic reduction of the titanium dioxide powder is well known. [15] [16] [17] However, the chemical reaction of the titanium-cobalt-oxygen-based oxide powder synthesized by the spray drying has been rarely studied.
In the present study, the focus is the basic analysis of the carbothermic reduction of the titanium-cobalt-oxygen-based oxide powder in order to understand the carbothermal reduction step in the spray thermal conversion process.
Experimental Procedure
The starting slurry was prepared by suspending the titanium dioxide powder (an average particle size of 50 nm and anatase structure) in an aqueous solution of cobalt nitrate, Co(NO 3 ) 3 6H 2 O, to obtain a final composition of TiC$TiC-15 mass%Co. Spray drying was performed using a rotary atomizer with a slurry feed rate of 3:3 Â 10 À7 m 3 s À1 and an atomizer rotating speed of 183 s À1 in a hot air (523 K) stream. A precursor powders obtained by the spray drying were decomposed at 1073 K for 7.2 ks in air to remove the salt components and form a titanium-cobalt-oxygen-based oxide powder. The calcined oxide powders were mixed with carbon black (mean particle size: 0.5 mm) for 86.4 ks using a tumbler-ball mill with a ball/powder mass ratio of 10:1. The mixtures were placed in a graphite crucible and 1 Â 10 À2 kg of the mixture was heated in the temperature range from 1073 to 1673 K for 1.8 ks in a tube furnace with flowing argon (purity: 99.7%). After the heat treatment, the samples were analyzed by X-ray diffraction using Cu-K radiation and observed by SEM. The changes in the thermal gravity of these powder mixtures from room temperature to 1673 K in flowing argon were recorded by TG-DTA at the heating rate of 8:3 Â 10 À2 Ks À1 . Figure 1 shows the X-ray diffraction patterns of the synthesized titanium-cobalt-oxygen-based oxide powders for the final composition of TiC$TiC-15 mass%Co made by the spray drying and desalting processes. The calcined powders for the final composition of TiC-5 mass%Co and TiC-15 mass%Co showed diffraction peaks of anatase-TiO 2 and CoTiO 3 phases. The anatase-TiO 2 phase was less stable than the rutile-phase-structured one. 18) In general, titanium dioxide of the metastable anatase phase transforms into the stable rutile phase during heating. In this study, the phase transformation of the titanium dioxide was not found during desalting at 1073 K for 7.2 ks. However, a chemical reaction occurred between the titanium dioxide and cobalt component during desalting. The entire cobalt component in the precursor powder was transformed into the complex oxide state, CoTiO 3 . Clearly, a part of the titanium dioxide in the precursor powder was transformed into this complex oxide. The relative intensity of the X-ray peak of this CoTiO 3 to that of anatase-TiO 2 increased with the increasing cobalt content. Figure 2 shows SEM micrographs of the synthesized starting oxide powder for the final compositions of TiC, TiC-5 mass%Co and TiC-15 mass%Co. The synthesized starting oxide powders from the spray drying process have a spherical morphology with an average particle size of about 50 mm. These spherical particles are composed of loosely agglomerated fine particles with a sub-micrometer size. Figure 2 shows micrographs of the primary particles on the surface of a secondary spherical particles. For the final composition of TiC, the average particle size was about 50 nm, which was the same size as the raw TiO 2 , and these primary particles were loosely agglomerated. The size of the agglomerates was larger, about 100 nm, in the samples with the final composition of TiC-5 mass%Co and TiC-15 mass%Co. The primary particle size of the mixture of CoTiO 3 and TiO 2 was larger than that of the TiO 2 , due to the chemical reaction between the titanium dioxide and cobalt during desalting. There was no notable difference in the primary particle size with the amount of cobalt. Figure 3 shows the mass change of the mixture of the calcined oxide powder and carbon black as a function of the temperature during heating in the flowing argon gas. The theoretical quantities of the carbon for the carbothermal reduction of the calcined powder are estimated by:
Results and Discussion
In this study, 10% excess carbon was used for the reaction. In the sample of the TiC composition, the titanium dioxide powder started to decrease its mass around 1273 K, and showed a remarkable decrease in the mass fraction at about 1473 K. In the sample of the final TiC-5 mass%Co and TiC-15 mass%Co compositions, a mass loss occurred at about 1073 K, and a significant mass loss at about 1373 K. These mass losses mean that the carbothermal reactions occur at these temperatures. TiC-15mass%Co
TiC-5mass%Co
TiC-0mass%Co
Intensity (arb. units) 2θ Table 1 shows a summary of the phase identification by X-ray diffraction measurements during the carbothermal reduction of the mixtures of the calcined oxide powder and solid carbon. The heat-treatment temperature was determined from the TG curves (Fig. 3) . The mixtures were heat treated for 1.8 ks. In the case of the final TiC composition, below 1073 K, the X-ray diffraction patterns showed only an anatase phase TiO 2 . The diffraction pattern changed to the mixed state of the anatase and rutile-phase TiO 2 at 1123 K. At 1273 K, there were two kinds of phases in the heattreated powder; i.e., the magneli phase and a small amount of TiO 2 . The magneli phase is the lower oxide in the Ti-O system, which is written as Ti n O 2nÀ1 (n > 3).
9) The X-ray diffraction pattern of the heat-treated powder at 1453 K showed the coexistance of the Ti 3 O 5 and magneli phases. At 1473 K, there were three kinds of phases: Ti 3 O 5 , Ti 2 O 3 and a small amount of TiC x O y (as will be shown later using the lattice parameter data in Fig. 5 , the initial formation is not pure titanium carbide. It is in fact a solid solution of TiC and TiO with the actual formula of TiC x O y ). 19, 20) Thermodynamic calculation predicts that the initial composition of TiC x O y is dependent on the temperature and partial pressure of CO and will be between TiC 0:6 O 0:4 and TiC 0:7 O 0:3 .
20) The titanium dioxide powder was reduced above 1273 K by the solid carbon in the flowing argon, and formed TiC x O y at about 1473 K. The diffraction peak of the added carbon was not detected in the XRD diffraction patterns, because the carbon black had an amorphous-like diffraction pattern around 25 and 45 . The general reaction of the carbothermal reduction process for the titanium dioxide could be described according to eq. (2).
According to Berger et al., 21) the titanium dioxide was carbothermally reduced to TiC through three steps. In the first reaction step, CO only acted as a reducing agent and the Ti n O 2nÀ1 phases were formed as intermediates. In reaction step two, titanium oxycarbide, TiC x O y , was formed by a further reduction accompanied by the incorporation of carbon. In reaction step three, TiC was formed from the titanium oxycarbide. In this study, the titanium dioxide was transformed into the magneli phases and TiC x O y as the reaction step one and two, respectively, corresponding to the report Berger et al., but the formation of TiC was not observed for 1.8 ks at 1473 K.
For the final composition of TiC-5 mass%Co, the X-ray diffraction pattern exhibited anatase-TiO 2 and CoTiO 3 peaks in the mixed state. These diffraction patterns changed to anatase-TiO 2 , rutile-TiO 2 and Co peaks at 1073 K. This means that CoTiO 3 in the calcined powder was preferentially reduced to the titanium oxide and cobalt below 1073 K. At 1173 K, there were four kinds of phases in the diffraction pattern: rutile-TiO 2 , anatase-TiO 2 , cobalt and magneli phases. The X-ray diffraction pattern of the heat-treated powder at 1373 K showed Ti 3 O 5 , the magneli phase and cobalt. The diffraction patterns of the mixture heat treated at 1453 and 1473 K showed the peaks of the Ti 3 O 5 , Ti 2 O 3 , Co and TiC x O y .
For the TiC-15 mass%Co composition, at 1073 K, there were three kinds of phases in the sample: anatase-TiO 2 , rutile-TiO 2 and cobalt similar for the TiC-5 mass%Co composition. The TiC x O y peak could be observed in the Xray diffraction pattern above 1373 K.
In summary, the titanium dioxide reduced at about 1273 K and titanium oxycarbide formed at about 1473 K for the final composition of TiC. For the TiC-5 mass%Co composition, the reduction temperature of titanium dioxide and the titanium oxycarbide forming temperature decreased to about 1173 and 1453 K, respectively. The titanium dioxide was reduced at about 1173 K and the titanium oxycarbide formed at about 1373 K, for the final TiC-15 mass%Co composition. The reduction temperature of the titanium dioxide and the forming temperature of the titanium oxycarbide decreased with the increasing cobalt content in the titanium-cobaltoxygen-based oxide powder, in spite of the size of the primary particle being larger in the sample with a high cobalt content (Fig. 2) . This means that the carbothermal reaction temperatures, the reduction temperature of titanium dioxide and titanium carbide forming temperature, decreased with the increasing amount of CoTiO 3 in the starting oxide powder. Figure 4 shows the change in the relative intensity of the XRD peaks of the titanium oxide to that of TiC x O y in the samples heated at 1473 K. The peak intensities for the Ti 2 O 3 and TiC x O y corresponding to the (116) and (200) reflections, respectively, are used. As shown in Fig. 4 , the amount of the retained titanium oxide decreased with the increasing heat treatment time. The heat treatment time needed for complete transformation of the retained titanium oxide to TiC x O y for the final TiC, TiC-5 mass%Co and TiC-15 mass%Co compositions were at least 32.4 ks, 14.4 ks and 7.2 ks, respectively. This means that the titanium carbide formability of the titanium-cobalt-oxygen-based oxide powder by solid carbon increased with the increasing fraction of the cobalt component in the starting oxide powder. Figure 5 shows the change in the lattice parameter of the TiC x O y in the samples heated at 1473 K as a function of the heat treatment time. The lattice parameters were evaluated from the peak positions with the strongest diffractions at about 41. 8 . The lattice parameters increased with the increasing heat treatment time. The lattice parameters of TiC and TiO are 0.4328-0.4331 nm and 0.418 nm, respectively. 22) Those of solid solution, TiC x O y , are between those of TiC and TiO. Note that oxygen and nitrogen are common impurities in TiC and are known to lower the lattice parameters of TiC. Therefore, Figure 5 implies that TiC x O y formed at the shorter heat treatment time was deoxidized toward TiC at the longer heat treatment time. Also, the lattice parameter of TiC x O y approached faster to that of pure TiC with the increasing cobalt content in the sample. This means that the TiC formability from TiC x O y of the titanium-cobaltoxygen-based oxide powder by solid carbon increased with the increasing cobalt content in the starting oxide powder.
It is known that the carbothermal reduction of the titanium dioxide was affected by the process parameters of heat treatment, and the particle size and phase structure of the starting oxide. [15] [16] [17] However, the effects of cobalt on the carbothermal reduction of titanium dioxide have rarely been studied. Earlier work 23) studied the catalytic effect of the cobalt on the formation of tungsten carbide. The addition of the cobalt to the tungsten increased the tungsten carbide formability due to forming a complex carbide with tungsten. This complex carbide increased the tungsten saturation with carbon. In the case of the titanium dioxide with the addition of cobalt, however, no complex carbide with titanium could be found in the X-ray diffraction patterns of the heat-treated samples.
The effects of cobalt on the carbothermal reduction of the titanium-cobalt-oxygen-based oxide powder can be considered from the point-of-view of atomic diffusion. The complex oxide, CoTiO 3 , was formed by the chemical reaction with titanium dioxide, cobalt oxide and oxygen during the desalting step. Therefore, it was considered that this complex oxide was chemically bonded with titanium dioxide. The CoTiO 3 phase was preferentially reduced at a lower temperature than the titanium dioxide. It is postulated that the reduction of the CoTiO 3 causes cracking of the titanium dioxide lattice due to the density difference between the titanium dioxide, cobalt and CoTiO 3 . This crack promotes the mutual diffusion of atoms (or migration of atoms) between the reactants. The lattice cracking during the carbothermal reduction due to the density difference between the reactants and products was experimentally observed by Davidson et al. 23) in the case of the tungsten carbide formation. They also proposed that this crack acts on the increasing reaction rate.
Another effect of cobalt on the carbothermal reduction of the titanium-cobalt-oxygen-based oxide powder was a change in the atmosphere in the furnace due to the reduction of CoTiO 3 . It is postulated that the atmosphere in the heat treatment furnace changed from an inert gas atmosphere of pure argon to the reducing gas atmosphere including CO gas due to the preferential reduction of CoTiO 3 . The reducing ability by CO gas is normally higher than that of solid carbon. The relative amount of this gas in the atmosphere will increase with the increasing cobalt content in the starting oxide powder. Therefore, the sample with a high cobalt content has a high titanium carbide formability compared to the one of a low cobalt content, as shown in Figs. 4 and 5. For experimental verification of the cobalt effect, however, fundamental research is needed concerning the reaction analysis based on the thermodynamics, microstructure and gas analysis in the future.
Conclusions
The present study focused on the analysis of the carbothermic reduction of the titanium-cobalt-oxygen-based oxide powder for understanding the carbothermal reduction step of the spray thermal conversion process for the synthesis of the titanium carbide/cobalt composite powder. The titaniumcobalt-oxygen-based oxide powder can be synthesized by the combination of spray drying and desalting processes using a titanium dioxide powder and cobalt nitrate. The synthesized oxide powders have a mixed phase structure of anatase-TiO 2 and CoTiO 3 phases when Co was added. These composite oxide powders are carbothermally reduced to the titanium carbide/cobalt composite powder through four steps with increasing temperature; i.e., reduction of CoTiO 3 , reduction of anatase-TiO 2 , formation of titanium oxycarbide and formation of titanium carbide. The reduction temperature of the titanium dioxide and the forming temperature of the titanium carbide decreased with the increasing cobalt content in the starting oxide powder. It was concluded that the complex oxide powder in the synthesized oxide powder, CoTiO 3 , plays a role in improving the titanium carbide formability during the carbothermal reduction.
